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Abstract
　　　　Calcium　plays　various　roles　in　cellular　functioning．　Besides　well－known　functions　as　osteogenesis，　muscle
contraction　and　blood　coagulation，　calcium　is　essential　for　intracellular　and　intercellular　signal　transduction，
which　deals　with　almost　every　cell，　including　neural　cells．　Fluorescent　dyes　are　used　for　quantification　of
intracellular　calcium　concentration．　Calcium　is　absorbed　from　the　small　intestine　by　binding　with　calbindin
and　incorporated　to　cells　via　calcium　channels．　lntracellular　calcium　is　mainly　stored　in　the　endoplasmic／
sarcoplasmic　reticulum．　Stimulus　to　the　cell　such　as　a　binding　hormone　with　a　hormone　receptor　on　the　cell
membrane　causes　production　of　phosphatidylinositol－4，5－diphosphate　which　is　cleaved　into　diacylglycerol　and
inositol－1，4，5－triphosphate　（IP3）　catalyzed　by　phospholipase　C　coupled　with　G　protein．　Diacylglycerol　activates
protein　kinase　C　and　IP3　binds　with　its　receptor　on　the　endoplasmic　reticulum　and　releases　calcium．　Elevated
intracytoplasmic　calcium　concentration　activates　calmodulin　kinase．
Introduction
　　Various　cell　functions　are　supported　by　calcium．
Classically　known　biological　roles　of　calcium　include
bone　and　tooth　formation　（osteogenesis，　odontogenesis），
cardiac　and　skeletal　muscle　contraction　and　blood　coag－
ulation　（required　for　activation　of　blood　coagulation
factors　IX，　X，　III，　V　and　XIII）．　ln　addition，　calcium　is
involved　in　nerve　conduction，　activation　of　lymphocytes，
regulation　of　hormone　secretion　as　insulin，　and　is　a
crucial　cofactor　for　numerous　enzymes．　Recent　studies
revealed　that　calcium　is　a　principal　messenger　in　signal
transduction　pathways．　ln　signal　transduction　proces－
ses，　numerous　proteins　and　accompanying　molecules
paiticipate　in　very　strict　order，　and　many　of　those
proteins　specifically　bind　with　calcium　ions　in　the　cyto－
plasm．　Knowledge　concerning　those　cytoplasmic　pro－
teins　and　other　related　molecules　which　work　with
calcium　ions　is　essential　for　better　understanding　of
dynamic　cell　functions　and　those　disorders．　Experi－
mentall ，　quantification　of　intracellular　calcium　is
achieved　using　fluorescent　dyes　such　as　Quin－2，　Fluo－3，
Rhod－2，　lndo－1　and　Fura－2i）　as　well　as　aequorin．
Aequorin　is　a　luminescent　protein　extracted　from
jellyfish Aequore 　victoria，　and　was　first　discovered　and
extracted　by Shimomura2）．
　　1．　Regulation　of　intracellular　calcium　ion　concen－
　　　　　tration
　　In　eukaryotes，　calcium　ions　enter　the　cytoplasm　either
from　outside　of　the　cell　through　the　specific　channel
molecules　on　the　cell　membrane，　or　are　supplied　from
some　internal　calcium　storage　sites，　such　as　endoplas－
mic／sarcoplasmic　reticulum　and　mitochondria3）．
　　In　mammals，　in racellular　calcium　concentration　is
r gulated　（lowered）　by　transport　proteins　that　remove
calcium　ions　from　the　cytoplasm．　For　example，　the
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sodium－calcium　exchanger　requires　energy　generated
from　the　electrochemical　gradient　of　sodium　by　export－
ing　calcium　out　of　the　cell　in　exchange　for　the　impoited
sodium．　Energy　required　for　the　plasma　membrane
calcium　ATPase　to　export　cytoplasmic　calcium　out　of
the　cell　is　produced　by　hydrolyzing　adenosine　triphos－
phate．
　　Calcium　ions　can　damage　cells　if　they　enter　the
cytoplasm　excessively．　As　for　actual　clinical　examples，
in　neurodegenerative　diseases　or　as　sequelae　of　brain
trauma　or　cerebral　apoplexy，　overexcitation　of　neural
circuits　called　excitotoxicity　may　take　place．　Excessive
entiy　ofcalcium　into　a　cell　occasionally　causes　apoptosis
or　cell　necrosis．　Substances　such　as　excitatory　neur－
otransmitter　glutamate　induce　excitotoxicity．
Glutamate　facilitates　calcium　influx　into　a　cell　via
N－methyl　D－aspartate　（NMDA）　receptor．　Excitotox－
icity　also　occurs　when　alpha－amino－3－hydroxy－5－methyl－
4－isoxazolepropionic　acid　（AMPA）　receptors　are　over－
activated．　Besides　glutamate，　substances　binding　these
receptors　as　NMDA　and　kainic　acid，　can　similarly　cause
excitotoxicity　by　influx　of　massive　calcium　ions‘）　to　the
cell．　Calcium　influx　into　cells　causes　activation　of
numerous　intracellular　enzymes　that　act　as　to　damage
cells，　as　phospholipases，　endonucleases，　and　proteases．
　　a．　Cell　membrane
　　1）　Voltage－dependent　calcium　channel　（VDCC）
　　Voltage－dependent　calcium　channels　（VDCC）　are
voltage－gated　ion　channels　found　in　excitable　cells　（neur－
ons，　glial　cells，　muscle　cells，　etc．）　that　perniit　influx　of
calcium　ion　into　cells5）．　VDCC　is　solely　activated　by　a
depolarizing　current　and　induces　calci　um　influx　under
static　membrane　potential．　This　character　is　the　source
of　the　name　“voltage－dependent”．　VDCCs　are
involved　in　various　cellular　functions　as　the　release　of
neurotransmitters　and　hormones，　muscular　contraction，
excitation　of　neurons　and　gene　expression．　Another
group　of　calcium　channels　are　ligand－gated　calcium
channels　such　as　inositol　1，4，5－triphosphate　（IP3）　rece－
ptor　and　iyanodine　receptor　on　the　endoplasmic／sarco－
plasmic　reticulum．　Receptor－operated　calcium　chan－
nels　or　ligand－gated　calcium　channels　has　also　been
revealed　on　the　cell　membrane．
　　VDCCs　are　composed　of　a　complex　of　heterogeneous
subunits　as　a　l，　cr26，　61－4，　and　7．　The　ev　1　subunit
forms　the　ion－conducting　pore　and　other　subunits　as－
sociated　have　several　functions　including　modulation　of
gating6）．
　　Types　of　high　voltage－gated　calcium　channels　include
types　L　（long－lasting），　P　（Purkinje）／Q，　N　（neural），　R
（residual），　and　T（transient）．　Specific　inhibitors　against
L－type　channel，　such　as　nifedipine，　diltiazem　and　ver－
apamil，　inhibit　calcium　in伽x　specifically　and　are　ther－
apeutically　used　fbr　coronary　vasodilators．　The　identi一
cal　channel　molecules　may　have　a　different　function
depending　on　the　 ypes　of　cells．　The　L－type　calcium
channel　in the　sk letal　muscle　transduces　voltage　change
to　iy nodine　receptor　as　a　voltage　sensor，　not　act　as　a
cal ium　channel．　On　the　contrary，　in　cardiac　muscle，
the　L－type　calcium　channel　acts　as　a　calcium　channel　in
the　usual　manner，　followed　by　calcium－induced　calcium
release7）．　Those　channel　molecules　are　structurally
homologous but　not　structurally　identical．　They　can
be precisely　classified　by　studying　their　physiological
roles　and／or　inhibition　by　specific　toxins．　Among　high
voltage－gated　calcium　channels，　N－type　channel　is　block－
ed　b bl－conotoxins，　while　P／Q－type　channel　is　blocked
by　（h）一agatoxi s．　The　dihydropyridine－sensitive　L－type
hannels　are　involved　in　the　contraction　of　skeletal，
smooth，　and card　iac　muscle　and　in　hornione　secretion　in
endocrine　cells．
　　2）　Store－operated　calcium　channel　（SOCC）
　　Store－operated　calcium　channels　are　found　in　the　cell
membrane　of　any　cells　including　endocrine　cells．　They
incorporate　extr cellular　calcium　ion　into　the　cytoplasm．
The　epithet　“store－operated”　is　given　because　they　are
ctivated　when　calcium　ion　is　depleted　from　intracellular
calcium stores　as　the　endoplasmic　reticulum8）．
　　3）　Calcium　pump　and　sodium－calcium　exchanger
　　Calcium－pump　is　occasionally　confused　with　calcium
cha nel．　Essentially　calcium－pump　literally　pumps　out
an　excessive　cytoplasmic　calcium　ion，　whereas　calcium
channel　incorpo ates　calcium　ion　into　cytoplasm．
Since　cell　membrane　itself　is　not　permeable　to　calcium
ion，　calcium　ion is　incoiporated　solely　through　calcium
channel． Conversely，　cytoplasmic　calcium　ion　is　active－
ly　pumped out　th ough　calcium　pump　by　using　ATP．
Alternative　way　to　pump　out　calcium　ion　is　via　sodium一一
calcium　exchanger　（not　be　included　in　the　type　of　pump
that　uses　the　energy，　but　powered　by　electrochemical
gradient　called　secondary　active　transport）　that　exchange
one　calcium　ion　w th　three　sodium　ions．　As　a　result，
elevated　cytoplasmic　sodium　concentration　is　compen－
sated　by　transmembranous　exchanging　of　sodium　and
po assium　through　sodium－potassium　pump　（elevated
intracellular　potassium　concentration　is　not　harmfu1　to
the　cell）．　Calcium　pumps　are　also　found　in　endoplas－
mic r iculum，　sarcoplasmic　reticulum　and　mitochondria
（described　later）．
　　b．　Endoplasmic　reticulum　and　sarcoplasmic
　　　　　reticulum
　　The　sarcoplasmic　reticulum　is　a　special　type　of
s ooth　 ndoplasmic　reticulum　found　in　myocytes．
The　only　difference　from　the　smooth　endoplasmic
reticulum　is　the　protein　components，　otherwise，　both
bound　to　their　membranes　and　drifting　within　their
lumens．　This difference　correlates　the　difference　among
their　functions，　i．e．　the　smooth　endoplasmic　reticulum
（2）
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丁目ble　Calcium－related　proteins：　Subcellular　localization　and　their　principal　functions
Protei　ns Subcellular　localization Principal　fUnction
voltage－dependent　calcium　channelcell　membrane incorporation　of　extracellular　calciunl　into　cell
ryanodine　receptor（1，2and　3）ceU　membrane calcium－induced　calcium　release（CICR）n・om　the
唐≠窒モ盾垂撃≠唐高奄メ@reticululn
inositol　triphosphate（IP3）receptormembrane　 f　sarcoplasmic／endo－
垂撃≠唐高奄メ@reticulum
intra ellular　signal　transduction
CalSeqUeStrin sarcoplasmic　reticulumretain　calcium　in　sarcoplasmic　reticulum
calnexin membrane　of　endoplasmic
窒?ｔｉｃｕｌｕ?
retain　unfblded　or　unassembled　proteins　in　endoplas－
hnic　reticulum　as　a　rnolecular　chaperone
calreticulin endoPlasmic　reticulumbinds　to　misfblded　proteills　to　prevent　to　be　exported
qom　endoplasmic　reticulum　to　Golgi　apParatus
annexin（＝　1ipocortin）（Al，　A2，　A5）cell　membrane（occasionally　se－
モ窒?ｔｅｄ？）
bi ds　with　phopholipid　membrane　and　suppresses
垂?ｏｓｐｈｏｌｉｐａｓｅ　A2　（antiinflalnlnatory　efモbct　of　cor－
狽奄唐盾戟j
cyclicAMP－depelldent　protein　kinase
iProtein　kinase　A）
cyt plasm regulation　of　cell　metabolism
phospholamba11（phosphorylated　by　pro－
狽?ｉｎ　kinase　A）
membrane of　sarcoplasmic
窒?ｔｉｃｕｌｕ?
inhibition　of　SERCA（below）to　decrease　calcium
浮垂狽≠汲?　into　the　sarcoplasmic　reticulum　whell　dephos－
垂?ｏｒｙｌａｔｅ?
sarcoplasmic／endoplasmic　reticulum
モ≠撃モ奄浮香|ATPase（SERCA）
sarcoplasm 　reticulumtransfbrs　calcium　fセom　cytoplasm　to　the　sarcoplasmic
窒?ｔｉｃｕｌＵm
calmodulin cytoplasm　or　cell　membralleubiquitous　mediator　of　various　cell　functions
calcium／calmodulin－dependent　protein
汲奄獅≠唐
cytoplasm　 r　nucleusphosphorylates　various　proteins　to　cause　ITLuscle
モ盾獅狽窒≠モ狽奄盾氏C飴cilitate　memory，　and　so　R）rth
caldeSrnon sarcoPlasm　of　smooth　musclebinds　with　calmodulin　or　actin　alternatively　to　regu－
撃≠狽?　smooth　muscle　contraction　like　as　troponin　I
calponin（isofbrms　l，2and　3）sarcoplasm　of　smooth　musclekeep　a till　nlament　inactivated
calcineurin cytoplasrn activation　of　interleukin　2　transcription　to　cause
s－cell　activation
troponin（composed　oftropollin　I，　C　and
s）
sarcoplasm　of　skeletal　and　car－
р奄≠b　lnuscles
contraction　of　skeletal　and　cardiac　muscles
S－100protein（includillg　more　than　21
狽凾垂?ｓ）
cytoplasm phosphorylates　proteins，　act　as　trallscription　factors
≠獅п@so　fbrth
calgranulin（S－100　calciuln－binding　Pro－
狽?ｉｎ）
cytOPlasm prevents　precipitation　of　calcium　oxalate？
calpain　（generic　name　of　various
垂窒盾狽?ａｓｅｓ）
cytopl sm cystein　proteases　with　diverse　effects　as　cell　mobility，
kTP　of　neurons，　blood　coagulation，　apoptosis，　ne一
@　　■モ窒nSlS
cadherin（E一，　N一，　P－and　T－cadherins）cell　rnembrane cell　adhesion
vitamin　D－dependent　calcium　billding
垂窒盾狽?ｉｎ（calbindin－D）
cell　membrane calciu．m　absorption　in　the　small　intestine
　　　　　　　　　　　　　　　　　　●　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●盾唐狽?ｏｃａｌｃｉｎ，　osteonectln　and　osteopontlncyt lasm（secretory）mineralization　of　bone　and　delltin
synthesizes　protein　molecules，　while　the　sarcoplasmic
reticulum　stores　and　transpoits　calcium　ions．　The　sar－
coplasmic　reticulum　possesses　large　amount　of　calci　um
in　a　sequestered　manner，　and　releases　it　in　case　of　cell
depolarization9）．　This　type　of　action　is　especially　cru－
cial　for　triggering　muscle　contraction．　Ryanodine　rece－
ptor　（stated　below）　and　IP3　receptors　are　known　as
calcium　channel　which　release　calcium　ion　from　sarco－
plasm c／endopla mic　reticulum　to　cytosol，　while　cal－
ciu 　pump　reuptakes　calcium　ion　from　cytoplasm．
　1）　Ry nodine　receptor
　 Ryanodine　receptor　is　a　receptor　channel　that　is
activated　by　calcium　ion　influxed　from　VDCCs．　ln
skeletal muscles，　under　physiological　conditions，　the
（3）
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channel　is　activated　not　by　calcium　ion　but　by　“charge
movement”．　The　molecular　mechanisms　of　“charge
movement”　are　still　unclear．　Ryanodine　is　an　alkaloid
found　in　the　South　American　plant　Ryania　speciosa　and
locks　the　ryanodine　receptor　in　a　halflopen　state　at　low
concentrationiO）ii）．　Simultaneous　release　of　calcium
from　numerous　ryanodine　receptors　causes　a　rapid　incre－
ment　of　cytoplasmic　calcium　concentration．　This　phe－
nomenon　is　called　calcium　sparki2）．
　　Disorders　in　ryanodine　receptor　cause　diseases．
Receptor　1　mutations　may　cause　malignant　hyperther－
mia　（A　specific　antagonist，　Dantrolene，　is　used　for　treat－
ment）　and　central　core　disease．　Receptor　2　mutations
relate　to　stress－induced　polymorphic　ventricular　ta－
chycardia　and　arrhythmogenic　right　ventricular
dysplasia3）．　Anti－ryanodine　receptor　autoantibody　has
been　found　in　the　serum　of　patients　with　myasthenia
gravls．
　　2）　lnositol　1，4，5－triphosphate　（IP3）　receptor
　　IP3　induces　calcium　release　also　from　the　intracellular
calcium　store　such　as　endoplasmic／sarcoplasmic
reticulum　through　IP3　receptor　which　is　a　calcium
channel　and　activated　with　IP3　synthesized　via　G－
protein　coupling　pathways．　This　type　of　calcium
release　is　called　IP3－induced　calcium　release　（IICR）．
　　3）　Calcium－pump
　　Sarcoplasmic　reticulum　calcium　pump　（sarcoplasmic
calcium　ATPase）　reuptakes　calcium　ion　that　is　previous－
ly　released　to　myocytes　during　muscle　contraction　into
the　sarcoplasmic　reticulum　using　energy　provided　by
ATP　hydrolysis．　This　pump　yields　90％　of　membrane
protein　of　sarcoplasmic　reticulum．　Endoplasmic　cal－
cium　pump　resembles　to　sarcoplasmic　reticulum　calcium
pump，　though，　less　abundant　than　that　of　sarcoplasmic
reticulum．
　　4）　Various　proteins　associated　with　endoplasmic
　　　　　reticulum
　　The　endoplasmic　reticulum　serves　many　general　func－
tions，　including　the　facilitation　of　protein　folding　and
the　transport　of　synthesized　proteins　into　cisternae．
Correct　folding　of　newly－made　proteins　is　made　possible
by　several　endoplasmic　reticulum　chaperone　proteins，
including　protein　disulfide　isomerase，　ERp29，　the　Hsp70
family　member　Grp78，　calnexin，　calreticulin，　and　the
peptidylpropyl　isomerase　family．　Only　correctly　folded
proteins　are　permitted　to　be　transported　from　rough
endoplasmic　reticulum　to　Golgi　compiex．　Storage　and
release　of　calcium　from　the　sarcoplasmic　reticulum　is
associated　with　the　high－capacity，　low－a冊nity　calcium－
binding　protein，　called　calsequestrin．
　　i）　Calsequestrin
　　Calsequestrin　is　a　calcium－binding　protein　of　the
sarcoplasmic　reticulumi3）i‘）．　This　protein　facilitates
recruitment　of　calcium　in　the　sarcoplasmic　reticulum
after　a　muscle　contraction，　even　though　the　concentra－
t on　of　cal ium　in　the　sarcoplasmic　reticulum　is　much
higher　（ pproximately　10，000　times）　than　in　the　cyto－
plasm．　Thus，　it　can　be　said　that　this　protein　augments
the　effect　of　sarcoplasmic／endoplasmic　reticulum　cal－
cium－ATPase （SERCA）　to　reduce　the　concentration　of
free　calcium　in　the　sarcoplasmic　reticulum．
　　ii）　Calnexin
　　Calnexin　is　a　90　kDa　integral　protein　of　the　endoplas－
mic　reticulum．　lt　consists　of　a　large　（50　kDa）　N－
ternii al　calcium－binding　lumenal　domain，　a　single
transm mbrane　helix　and　a　short　（90　residues）　acidic
cytoplasmic　ta l．　Calnexin　is　a　kind　of　chaperone，
which　is　defined　by　its　principal　function　to　assist
protein　folding　and　ensuring　that　only　properly　folded
and ssembled　proteins　can　proceed　to　processing　and
secretlon．
　　As　a　member　of　chaperone　protein，　calnexin　retain
unfolded　or　unassembled　N－linked　glycoproteins　in　the
endoplasmi 　reticulum．　Calnexin　binds　only　those
N－glycoproteins　that　have　GlcNAc2MangGlc　l　oligosac－
charide．　GlcNAc2MangGlc　l　oligosaccharide　is　added
to　nitrogen　atom of　asparagine　residues　if　the　nascent
proteins　in　the　endoplasmic　reticulum　possess　tripeptide
with　a　structure　Asn－X－Ser／Thr．　By　the　sequential
action　of　glucosidases　1　and　II，　the　monoglucosylated
oligosaccharide 　that　are　recognized　by　calnexin　are
produced．　Further　action　of　glucosidase　II，　the　third
and　last　glucose residue　is　removed　and　transported　to
Golgi　appa at 　as　a　molecule　with　GlcNAc2Man8　resi－
dues．　ln　case　the　glycoprotein　is　not　properly　folded，
an e zyme　UDP－glucose：　glycoprotein　glucosyltransfer－
ase　will　add　the　glucose　residue　back　onto　the　oligosac－
charide，　 egenerating　the　glycoprotein　ability　to　bind　to
calnexin．　The　glycoprotein　chain，　which　hinders
proper folding　in　the　endoplasmic　reticulum，　is　removed
with　MNSI　（alpha－mannosidase）　by　removing　its　man－
nose　residue．　ATP　and　calcium　ion　work　as　the
cofactors　involved　in　substrate　binding　for　calnexin．
　　iii）　Calreticulin　and　calnexin
　　Calreticulin　i 　located　in　association　with　the　endo－
plasmic　r ticulum　and　lowers　the　intracellular　calcium
ion　concentration　by　binding　calcium　ion　to　the　mole－
cules．　 t　possesses　a　large　binding　capacity　for　calcium
with　low　affinity　and　releases　calcium　upon　a　signal．
Syn nyms or　calreticulin　include　calregulin，　CRP55，
CaBP3　and　calsequestrin－like　protein　and　probably
mobilferrini5）．
　　Calreticulin　binds　to　misfolded　proteins　to　keep　them
in　the　endoplasmic　reticulum　and　prevents　them　to　be
transferred　to　the　Golgi　apparatus．
　　Calnexin　is　also　a　chaperone　molecule　with　the　same
function　 s　calreticulin．　They　both　degrade　incomplete
molecules　by　binding　to　oligosaccharides　possessing
（4）
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terminal　glucose　residues．　However，　removal　of　glucose
residues　from　the　core　oligosaccharide
（GlcNAc2MangGlc　l）　that　is　previously　added　during
N－linked　glycosylation　is　a　noiTmal　part　of　protein
processing，　if　residues　are　misfolded，　proteins　within　the
rough　endoplasmic　reticulum　will　re－add　glucose　resi－
dues　so　that　other　calreticulin／calnexin　can　bind　to　these
proteins　and　prevent　them　from　proceeding　to　the　Golgi
apparatl．
　　iv）　Annexin
　　Annexins　include　proteins　previously　called　as
lipocortins　（calpactins，　which　is　an　abbreviation　of
“calcium－dependent　phospholipid一　and　actin－binding
protein”i6）），　endonexins　（Named　after　its　localization　to
the　endoplasmic　reticulum　and　its　similarity　to　synexin’7）
and　calelectrini8））．　Annexins　bind　to　phospholipid
membranes　calcium－dependently．　They　are　ubiquitous－
ly　found　among　eukaryotes．　However，　prokaryotes
such　as　bacteria　do　not　possess　annextns．
Some　human　annexins　（Annexin　A　l，　Annexin　A2　and
Annexin　A5）　exist　extracellulary　as　in　blood，　though，　the
mechanism　of　how　those　molecules　are　transported
extracellulary　is　unknown，　since　no　signal　peptide　is
found　in　these　molecules．　The　reason　why　glucocor－
ticoids　such　as　cortisol　inhibit　inflammation　is　because
annexins　（lipocortins）　suppress　phospholipase　A2．
　　c．　Mitochondria
　　Calcium　is　incorporated　into　mitochondria　through
mitochondrial　calcium　unipoiter　（mCU）　depending　on
negatively　charged　intramitochondrial　transmembrane
voltage．　Ruthenium　red　inhibits　mCU．　Since　this
process　is　depending　upon　voltage　gradient，　loss　of
membrane　voltage　by　an　uncoupler　such　as　proton
ionophore　stops　calcium　incorporation・　Chlorprom－
azine，　perphenazine　（an　antipsychotics）　and　imipramine
（an　antidepressant）　inhibit　calcium　uptake　into　mito－
chondrion．　On　the　contrary，　sodium－dependent　cal－
cium　releasing　protein，　a　mitochondrial　Na／Ca　exchan－
ger　（mNCE），　also　exists　and　is　inhibited　by　clonazepam
（a　minor　tranquilizer）．
　　A　mitochondrial　permeability　transition　pore　（mPTP）
is　a　highly　permeable　calcium　channel．　The　pore　solely
opens　by　apoptosis－inducing　factors　such　as　Bax，　foll－
owed　by　release　of　cytochrome　that　triggers　caspase－
dependent　apoptotic　process．　Therefore，　it　can　be　said
that　mPTP　is　a　special　type　of　calcium　channel．
　　The　inner　membrane　of　mitochondria　possesses　cal－
cium　ion　exchanger　of　low－affinity　and　high　capacity
that　regulates　calcium　concentration　in　the　matrix．
This　calcium　exchanger　incorporates　calcium　ion　into
mitochondria　from　cytoplasm　by　using　transmembrane
electrochemical　gradient　that　is　generated　by　an　electron
transfer　during　oxidative　phosphorylation．　Conversely，
release　of　calcium　ion　from　mitochondria　is　done
through　voltage－dependent　anion　channels　associated
with　peptidylprolyl　isomerase　D　（cyclophilin　D）　and
solute　carrier　family　25　（mitochondrial　carrier；　adenine
nucleotide　translocator）．
　 d．　lntegrated regulation　of　intracellular　calcium
　　　　　homeostasis　by　cell　membrane　and　intracellular
　　　 　organelles
　　Extracellular　calcium　can　be　usually　imported　to
cytoplasm　by　activation　of　store－operated　channels
（SOCs）　when　cytoplasmic　calcium　has　been　depleted．
SOCs　are　the　group　of　ion　channels　that　are　selective　for
v rious　kinds　 f ions．　Calcium　SOCs　are　especially
import n 　since　most　intracellular　calcium　is　supplied
through　these　channels．　SOCs　are　named　so　because
they　are　activated　by　depletion　of　intracellular　calcium
（particularly　the　endoplasmic　reticulum）　stores．
　　The　calcium　current　that　is　induced　by　release　of
stored　calcium　reserves　is　named　as　calcium－release－
activated　calcium　current　（ICRAC）．　Recent　studies
propose　phospholipase　A2　beta’9），　nicotinic　acid
adenine　dinucleotide　phosphate20），　and　the　protein
STIM　12i）　 re　possible　mediators　of　ICRAC．
　　Changes　in　the　cytoplasmic　free　calcium　concentra－
tion　（［Ca2’］cyt）　are　one　of　the　main　transduction
pathways　 f　extracellular　signals．　The　signal　is　transfer－
red　by　its magnitude，　location　and　duration　of　the
changes　in　［Ca2＋］cyt．　Increases　in　［Ca2＋］cyt　are　usu－
ally　initiated　by　the　binding　of　an　agonist　to　its　receptors
on　a　cell　surface．　However，　such　signals　can　arise　either
from　the　release　of　stored　calcium　or　the　calcium　i’nflux
across　the　cell　membrane，　or　from　both　routes．　A
common　mechani m　by　which　such　cytoplasmic　calcium
signals　are　generated　involves　receptors　that　ai’e　coupled
to　activate　phospholipase　C．　Phospholipase　C　gener－
ate 　IP3， IP3　 eleases　calcium　from　intracellular　calcium
stores　such　as　 he　endoplasmic　reticulum．　Usually，　a
decr m t　in calcium　concentration　in　the　calcium－
storing　organelles　subsequently　activates　plasma　mem－
brane　calcium　channels．　Such　transmembranous　cal－
cium　influx　across　plasma　membrane　channels　has　been
called　capacitative　calcium　entry，　or　store一一〇perated　cal－
cium　entry．　This　type　of　influx　is　more　important　for
non－excitable ce s　because　capacitative　calcium　entry　is
he　major　mean 　of　regulated　influx　of　calcium．　As　a
second　messenger，　capacitative　calcium　entry　induces
both　short　term　cellular　responses，　such　as　protein－
protein　interactions，　granule　secretion　and　longer－term
cellular　responses　such　as　gene－transcription　that　support
cell　grow h，　apoptosis，　differentiation　or　activation．
　　In　vitro，　the　activation　of　gene－transcription　factor　via
calcium　c 　be　induc d　by　calcium　ionophores　such　as
lonomycln．
　　The　positive　feedback　mechanism，　i．e．，　increased
intracellular calcium　concentration　facilitates　further
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release　of　calcium　from　the　endoplasmic／sarcoplasmic
reticulum　via　IP3　or　influx　ofcalcium　from　a　membrane－
bound　calcium　channel　produces　periodic　increment／
decrement　of　intracellular　calcium　concentration．　Such
a　phenomenon　is　called　calcium　oscillation．　IP3　oscil－
lation　synchronizing　calcium　oscillation　was　experimen－
tally　visualized　using　green　fluorescent　protein　（GFP）22）．
　　A　close　relation　between　mitochondria　and　endoplas－
mic　reticulum　is　noted．　Calcium　ion　released　from　IP3
receptor　is　incorporated　into　mitochondria．　And　cal－
cium　uptake　into　mjtochondria　also　plays　a　role　on　the
change　in　intracellular　calcium　concentration　during
depolarization　of　neuron．　Excessively　elevated　intracel－
lular　calcium　concentration　is　rapidly　normalized　by
calcium　incorporation　into　mitochondria　through　mCU，
and　then　released　later　through　mNCE．　Those　mecha－
nisms　are　extremely　essential　because　they　protect　the　cell
from　damage　due　to　excessive　calcium，　as　well　as
maintaining　various　cell　functions　by　maintaining
intracellular　calci　um　concentration．
　　2．　Calcium－related　signal　transduction　in　the　cells
　　Calcium　ions　are　one　of　the　most　ubiquitous　second
messengers　used　in　signal　transduction．　For　example，
various　neurotransmitters　bind　to　membrane－bound
receptor　protein　molecules　as　acetylcholine，　adrenalin，
dopamine，　histamine　and　5－hydroxytryptamine　（ser－
otonin）receptors．　The　binding　of　the　neurotransmitter
to　the　receptor　changes　the　conforniation　of　receptor　and
causes　it　to　expose　a　binding　site　for　a　guanine　nu－
cleotide　（guanosine　diphosphate　and　guanosine　triphos－
phate）　binding　protein　abbreviated　as　G－protein　and
composed　of　three　subunits　and　bound　to　the　internal
membrane　of　a　cell．　When　the　G－protein　binds　to　the
receptor，　it　becomes　able　to　exchange　a　guanosine
diphosphate　molecule　on　its　alpha　subunit　for　a
guanosine　triphosphate　molecule．　After　this　exchange
occurs，　the　alpha　subunit　of　the　G－protein　transducer
dissociates　from　the　beta　and　gamma　subunits，　all　of　the
remaining　parts　are　membrane－bound．　The　alpha
subunit　slides　（movable）　along　the　inner　membrane，　and
eventually　contacts　another　membrane－bound　protein．
　　G－protein　activates　phospholipase　C　that　cleaves　PIP2
into　diacylglycerol　and　IP3．　Diacylglycerol　activates
protein　kinase　C，　which　phosphorylates　various　protein
residues　and　induces　various　cellular　responses　and
assists　in　the　activation　of　cyclic　adenosine　monophos－
phate　（cAMP），　which　increases　calcium　ion　pemieability
of　the　membrane．　IP3　binds　to　IP3　receptor　on　the
endoplasmic／sarcoplasmic　reticulum　to　release　calcium
ion　from　endoplasmic／sarcoplasmic　reticulum　into　the
cytoplasm．　Active　G－protein　opens　calcium　channels
and　facilitates　influx　of　calcium　ion．
　　G－protein　also　activates　adenylate　cyclase　to　facilitate
synthesis　of　cAMP，　which　activates　cAMP－dependent
rote n　kinases　（protein　kinase　A）（PKA）．　PKAs
include　a　family　of　enzymes　whose　activity　is　dependent
on　cellular　concentration　of　cAMP．
　 　PKA　phosphorylates　phospholamban．　Phos－
pholamban　is an　 ntegral　membrane　protein　that　regu－
lates　the　calcium　pump　in　cardiac　muscle　cells．　De－
phosphorylated　phospholamban　interacts　with　the　sarco－
plasmic／ doplasmic　reticulum　calcium－ATPase
（SERCA）　to　decrease　its　activity　and　sensitivity　to
calcium，　and　thus　decreases　calcium　uptake　into　the
sarcoplasmic　reticulum．　When　phospholamban　is
ph sphorylated， its　interaction　with　SERCA　is　reduced，
resulting　in　an　increase　in　calcium　transport　into　the
sarcoplas ic　r ticulum．　Since　phospholamban　is　a
substrate　for　protein　kinase　A，　which　is　activated　with
beta－adren rgi 　stimulation，　one　would　expect　relaxation
to　be　favored　when　PKA　is　activated．　However，　this
req ires　mor 　calcium　stored　in　the　SR　to　be　available
f r　release．　Gene　knockout　animals　of　phospholamban
show　hyperdynamic　hearts，　with　little　apparent　negative
COIISequence23）24）．
　　A　sudden　increment　of　calcium　ion　concentration　in
the　cytoplasm　due　to　opening　of　channels　in　the　endo－
plasmic　reticulum　and／or　cell　membrane　activates　vari－
ous　prot ins　as　troponin　C　（muscle　contraction），　protein
t rosine　k ase，　IP3－kinase，　and　protein　kinase　C．　ln
addition，　the　activation　of　myosin　light　chain　kinase，
phosphorylase　kinase，　calcium　phosphatase，　calcium／
calmodulin－dependent　protein　kinase，　nitric　oxide
synthase，　adenylate　cyclase　and　phophodiesterase　is
mediated　by　activation　of　calmodulin　（phosphorylase
kinase）．　Those　result　in　various　cell　responses；　as　in
secretory　cells　r lease　vesicles　with　their　secretion，　muscle
cells　contract，　 y apses　release　synaptic　vesicles　and　go
into　processes　of　synaptic　plasticity，　etc．　Long－teiTni
potentiaoon　is　a　persistent　increase　in　the　chemical
strength　of　a　synapse　that　continues　from　minutes　to
everal　days．
　　a．　Calmodulin　and　calmodulin　binding　proteins
　　1） Calmodulin
　　Calmod lin　is　a　relatively　small　acidic　protein　com－
posed　of　approximately　148　amino　acids　and　its　molecu－
lar　weight　is　16，706　Dalton．　lt　contains　four　EF－hand
motifs　or　domains，　which　bind　with　calcium　ions；
therefo ，　calmodulin　belongs　to　one　of　the　two　main
groups　of　calcium－binding　proteins，　called　EF－hand
proteins．　The　proteins　of　the　other　group，　possessing
EF－hand　domains　are　called　annexins，　which　bind
calcium　and　phospholipids　（e．g．，　lipoconin）．　Many
oth r　proteins　bind　calcium，　although　binding　calcium
may　not　be　consid red　their　principal　function　in　the
cell．　lnhibitors　of　calmodulin　include　chlorpromazine，
trifluoperazine；substances　used　therapeutically　as
antipsychotic　agents　（major　tranquilizers）．
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　　Calmodulin　is　a　ubiquitous　calcium－binding　protein
that　binds　to　and　regulates　various　different　proteins，
thereby　affecting　numerous　cellular　functions　such　as
infiammation，　metabolism，　apoptosis，　muscle　contrac－
tion，　intracellular　movement，　shoit－term　and　long－term
memory，　nerve　growth　and　immune　response．　Cal－
modulin　is　expressed　in　numerous　cell　types　and　has
different　intracellular　locations，　including　the　cytoplasm，
within　organelles，　or　associated　with　the　plasma　or
organelle　membranes．　Many　of　the　calmodulin－
binding　proteins　are　unable　to　bind　calcium　themselves
but　use　calmodulin　as　a　calcium　sensor　and　signal
transducer　molecule．　Calmodulin　can　also　make　use　of
the　calcium　stores　in　the　endoplasmic／sarcoplasmic
reticulum．　Calmodulin　causes　a　conformational
change　by　binding　to　calcium，　and　enables　binding　to
specific　proteins　for　a　specific　response．　Calmodulin
can　bind　up　to　four　calcium　ions，　and　can　undergo
post－translational　modifications．　Calmodulin　can　also
bind　to　edema　factor　toxin　from　the　anthrax　bacteria．
　　2）　Myosin　kinase　and　calmodulin　kinase　II
　　Calcium／calmodulin－dependent　protein　kinases　（cal－
modulin　kinases）　are　serine／threonine－specific　protein
kinase　and　are　primarily　regulated　by　the　calcium／cal－
modulin　complex25）．　These　kinases　show　a　memory
effect　on　activation．　There　are　2　types　of　calmodulin
kinases　exist：
　　i）　Specialized　calmodulin　kinases．　As　the　myosin
light　chain　kinase　that　phosphorylates　myosin，　causing
smooth　muscles　to　contract　and　regulating　contractility
of　striated　muscles．
　　ii）　Multifunctional　calmodulin　kinases．　Also　col－
lectively　called　calmodulin　kinase　II，　which　play　a　role
in　many　processes，　such　as　neurotransmitter　secretion，
transcription　factor　regulation，　and　glycogen　metabo－
lism．　Between　10／o　and　2Yo　of　the　proteins　in　the　brain
are　calmodulin　kinase　II．
　　3）　Caldesmon
　　Caldesmon　is　a　regulatory　protein　of　smooth　muscle
contraction，　corresponding　troponin　1　in　the　cardiac　and
skeletal　muscles．　lt　is　named　for　actin　and　calmodulin－
binding　protein　since　the　Greek　term　desmos　means　to
bind．　Caldesmon　can　bind　with　calmodulin　or　actin
alternatively．　When　caldesmon　binds　with　calcium－
calmodulin，　actin　is　apart　from　caldesmon　and　binds
with　myosin．　On　the　contrary，　when　caldesmon　binds
with　actin，　actin－myosin　binding　is　disconnected．
　　4）　Calponin
　　　Calponin　is　a　guanosine　triphosphate－binding　protein
（34kDa）　of　the　actin　filament　of　the　smooth　muscle
corresponding　troponin　C，　T　and　1　and　possesses
calmodulin－binding　sites．　Calponin　is　named　because
it　binds　with　calmodulin　and　possesses　crossイeactlvlty
with　troponin　T．　Three　isoforms　are　found，　basic　（hl）
binds　with　tropomyosin　and　actin，　neutral　（h2）　relates
with　int rcellular　adhesion，　and　acidic　which　is　expres－
sed　in　the　brain．　The　role　is　to　maintain　the　inactivated
state　of　actin　filament　as　troponin．　Calponin　also　has
been　recently　known　to　have　interactions　with　signal－
transduction　system　as　protein　kinase　C　and　extracellular
kinase　（ERK）　besides　binding　with　well－known　contrac－
ti e　proteins　such　as　actin，　myosin　and　tropomyosin．
　　5）　Calcineurin
　　Calcineurin　is　a　calcium／calmodulin－dependent　ser－
ine／threonine　dephosphatase　also　known　as　protein
phosphat se　2B．　The　molecule　is　a　heterodimeric　pro－
tein　composed　of　calcineurin　A　（61　kDa）　and　calcineur－
in　B　（19kDa）　subunits．　Calcineurin　is　responsible　for
activating　the　transcription　of　interleukin　2，　which　stim－
ul tes　the　growth　and　differentiation　of　the　T　cell
ln　immunosuppressive　therapy，　immunosup－
pressive　agents，　such　as　cyclosporin，　pimecrolimus　and
tacrolimus　inhibit　calcineurin．　These　drugs　bind　with
immunophilins　specific　to　each　compound　and　those
compl x　molecules　bind　to　the　catalytic　site　via　the
calcineurin　B　subunit　（regulatory　subunit）　to　cause　steric
hindrance． Calcineurin　dephosphorylates　NFAT
（nuclear f ctor　of　activated　T－cells），　a　transcri　ption　fac－
tor　that　can　then　go　into　the　nucleus　and　turn　on　genes
involved　in　IL－2　synthesis26）．
　　When　T－helper　cell’s　receptor　interacts　with　an
antigen，　the　intracellular　concentration　of　calcium　in　the
cell　rises．　This　increase　activates　calcineurin，　by　bind－
ing　a　regulatory　subunit　and　activating　calmodulin
binding．　Calcineurin　induces　different　transcription
factors　（NF－ATs）　that　are　important　in　the　transcription
of IL－2　genes．　I　L－2　activates　T－helper　lymphocytes　and
induces　the　production　of　other　cytokines．　ln　this　way，
it　governs　the　acti n　of　cytotoxic　lymphocytes　and　N　K
c lls．　T amount　of　IL－2　being　produced　by　the
T－helper　cells　is　believed　to　greatly　influence　the　extent
of　the　immune　response．
　　Calcineurin　is　linked　to　receptors　for　two　neurotrans－
mitters　distr buted　in　the　brain，　NMDA　and　dopamine．
Experimentally，　genetically　altered　mice　who　could　not
p oduce　calci eurin　showed　similar　symptoms　as　in
humans　with schizophrenia：impairment　in　working
memory，　attention　deficits，　aberrant　social　behavior　and
several　other ab ormalities　characteristic　of　schizophre－
nia．
　b．　Troponin
　　Troponin　is　a　complex　of　three　proteins　that　is　inte－
gral　to　muscle　co traction　in　skeletal　and　cardiac
ifnuscle，　but　not　smooth　muscle．　Troponin　is　attached
to　the　protein　tropomyosin　and　lies　within　the　groove
between　actin　filaments　in　muscle　tissue．　ln　a　relaxed
muscle，　tropomyosin　blocks　the　attachment　site　for　the
myosin　heads，　thus　preventing　contraction．　When　the
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muscle　cell　is　stimulated　to　contract　by　an　action　poten－
tial，　calcium　channels　open　and　release　calcium　into　the
sarcoplasm．　Some　of　this　calcium　attaches　to　troponin，
causing　a　conformational　change　that　moves
tropomyosin　out　of　the　way　so　that　the　myosin　heads
can　attach　to　actin　and　form　cross－bridges　resulting　in
muscle　contraction．
　　Troponin　is　found　in　both　skeletal　muscle　and　cardiac
muscle，　but　the　specific　types　of　troponin　differ　between
types　of　muscle．　A　recent　study　on　the　structure　of
troponin　molecule　revealed　that　the　“regulatoiy　head”
（composed　of　TnC　and　Tnl）　has　one　calcium－binding
site　in　cardiac　muscle　whereas　there　are　two　binding　sites
in　the　skeletal　muscle，　and　the　“IT－arm”　（composed　of
TnC，　Tnl　and　TnT）　has　two　calcium　binding　sites
commonly　in　both　cardiac　and　skeletal　muscle．
Troponin　is　an　EF－hand　protein．　Discussions　of
troponin　often　peitain　to　its　functional　characteristics
and／or　to　its　usefulness　as　a　diagnostic　marker　for
various　heart　disorders．　Both　cardiac　and　skeletal
muscles　are　controlled　by　changes　in　the　intracellular
calcium　concentration．　When　calcium　increases，　the
muscles　contract，　and　when　calcium　decreases，　the
muscles　relax．
　　Troponin　is　a　component　of　thin　filaments　（along
with　actin　and　tropomyosin），　and　is　the　protein　to　which
calcium　binds　to　accomplish　this　regulation．　Troponin
has　three　subunits，　TnC　（C　stands　for　calcium），　Tnl　（I
stands　for　inhibitory），　and　TnT　（T　stands　for
tropomyosin）27）．　When　calcium　is　bound　to　specific
sites　on　TnC，　the　structure　of　the　thin　filament　changes
in　such　a　manner　that　myosin　（a　molecular　motor
organized　in　muscle　thick　filaments）　attaches　to　thin
filaments　and　produces　force　and／or　movement．　ln　the
absence　of　calcium，　tropomyosin　interferes　with　this
action　of　myosin，　and　therefore　muscles　remain　relaxed．
Troponin　1　has　also　been　shown　to　inhibit　angiogenesis
in　vivo　and　in　vitro．
　　Each　subunit　serves　different　functions：
　　1．　Troponin　C　binds　to　calcium　ions　to　produce
movement．
　　2．　Troponin　T　binds　to　tropomyosin，　interlocking
with　them　to　form　a　troponin－tropomyosin　complex．
　　3．　Troponin　I　binds　to　actin　in　thin　myofilaments　to
hold　the　troponin－tropomyosin　complex　in　place．
　　c．　Protein　kinase　C
　　Protein　kinase　C　is　a　family　of　plasma　membrane－
bound　serine／threonine　protein　kinases　consisting　of
approximately　10　isozymes28）．　The　name　usually　refers
to　the　entire　family　of　isoforms．　They　are　divided　into
three　subfamilies，　based　on　their　second　messenger
requirements：　conventional　（or　classical），　novel，　and
atypica129）．　Conventional　PKCs　require　calcium　ion，
diacylglycerol　（DAG），　and　a　phospholipid　for　activa一
tion．　Novel　PKCs　require　DAG，　but　do　not　require
calcium　 on for　activation．　On　the　other　hand，　atypical
PKCs　require　neither　calcium　ion　nor　diacylglycerol　for
activation．　The　term　“protein　kinase　C”　usually　refers
o　the　entire family　of　isoforms．　A　similar　amino　acid
sequence　is　shared　among　protein　kinase　A，　B　and　C．
The　consensus　sequence　of　protein　kinase　C　enzymes　is
similar　to　that　of　protein　kinase　A，　since　it　contains　basic
amino　acids　close　to　the　serine／threonine　to　be　phos－
phorylated．
　　Va io s　types　of　protein　kinase　C　are　found　among
various　cells．　For　example，　they　mediate　stimuli　by
binding　adrenaline，　acetylcholine，　5－hydroxytryptamine，
prostaglandin　and　angiotensin　with　each　corresponding
receptor　on the　smooth　muscle，　nerve，　ependymal　cells，
excretory　glands．　Upon　activation，　protein　kinase　C
enzymes　are　translocated　to　the　plasma　membrane　by
RACK　（Receptor　for　Activated　C－Kinase）　proteins．
　　d．　S－100proteins
　　S－100　proteins　are　a　type　of　low　molecular　weight
（approx mately　20　kDa）　protein　found　in　vertebrates
characterized　by　two　calcium－binding　sites　of　the　helix－
loop－helix　（EF－hand　type）　confoiTniation．　The　first
EF－hand　in　a　pair　of　S－100　proteins　is　called　a　pseudo
EF－h nd，　not　the　canonical　EF－hand　that　has　a　12
residue　loop　as　seen　in　calmodulin，　whereas　the　pseudo
EF－hand　has　14　residue　binding　loops．　The　second
EF－hand　is　the　canonical　EF－hand　including　S－100
protelns．
　　There　are　at　least　21　different　types　of　S－100　proteins．
The　name　is deriv d　from　the　fact　that　the　protein　is
loo％　Soluble　in　ammonium　sulfate　at　neutral　pH．
　　S－100　proteins seem　to　involve　with　various　cell　func－
tions　mai ly i teractions　with　nucleus．　lnterestingly，　a
tandem－bound　dimer　molecule　of　S－100　protein，
nominated　as　p2601f，　binds　with　calcium　ion　in　olfactory
cells　and　cilia　in　bronchial　epithelial　cells30）．
　　i）　Calgranulin
　　Calgranulin　is　an　S－100　calcium－binding　protein　that
is　expressed　in　multiple　cell　types，　including　renal　epith－
elial　cells　and　neutrophils．　Some　in　vitro　evidence
uggests　that　cal ranulin　can　inhibit　the　precipitation　of
calcium oxalate　in　a　urine－like　environment　at　cal－
granulin　concentrations　below　physiological　concentra－
tions3i）．　Thus，　it　may　also　function　in　vivo　as　an
inhibitor　of　calcium　oxalate　kidney　stone　formation．
However，　the　role　of　calgranulin　in　the　stone　forniation
process　has　not　been　confirmed．
　　e．　Calp in
　　Calpains　are　a　family　of　calcium－dependent，　non－
lysosomal cy t ine　proteases　shared　ubiquitously　among
animal　cells32）．　The　name　calpain　means　calcium
related　cysteine　protease．　As　papain　and　bromelain，　a
postfix　“一pain”　means　the　molecule　belongs　to　cysteine
（8）
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protease．　The　calpain　proteolytic　system　includes　the
calpain　proteases，　the　small　regulatory　subunit，　and　the
endogenous　calpain－specific　inhibitor，　calpastatin．
　　Roles　of　calpains　still　have　not　been　clarified，　though，
they　have　been　shown　to　panicipate　in　processes　such　as
cell　mobility　and　cell　cycle　progression，　as　well　as
cell－type　specific　functions　such　as　long－teirm　potentia－
tion　in　neurons　and　cell　fusion　in　myoblasts，　regulating
clotting　and　the　diameter　of　blood　vessels，　and　playing
a　role　in　memory．　Calpains　have　been　implicated　in
apoptotic　cell　death，　and　appear　to　be　an　essential
component　of　necrosis．　Excessive　amounts　of　calpain
can　be　activated　due　to　calcium　influx　after　ischemic
cerebrovascular　accident　or　some　types　of　traumatic
brain　injuiy　such　as　diffuse　axonal　injury．　The　sus－
tained　influx　of　calcium　into　the　cell　results　in　calpain
hyperactivation，　unregulated　proteolysis　of　both　target
and　non－target　proteins　and　consequent　irreversible　tis－
sue　damage．
　　Excitotoxicity　may　be　involved　in　stroke，　traumatic
brain　inj　ury　and　neurodegenerative　diseases　of　the　cen－
tral　nervous　system　such　as　multiple　sclerosis，
Alzheimer’s　disease，　amyotrophic　lateral　sclerosis，　Par－
kinson’s　disease　and　Huntington’s　disease．
　　f．　Cadherin
　　Cadherins　are　a　superfamily　of　transmembrane　cell－
adhesion　molecules　expressed　in　various　types　of　cells．
They　share　the　extracellular　calcium－binding　domains
called　cadhe血repeats．　A　superfamily　includes　E－
cadherins　found　in　epithelium；　N－cadherins　in　neur－
ons；　P－cadherins　in　the　placenta．　A　remaining　group
of　cadherin　molecule　is　the　T－cadherins，　which　lacks　the
transmembrane　and　cytoplasmic　domains　and　is　tethered
to　the　cell　membrane　through　the　glycosylphos－
phatidylinositol（GPI）anchor33）．　A　cell　expressing　one
of　those　types　of　molecule　binds　only　with　cells　express－
ing　the　same　type　of　molecule．　A　cytoplasmic　domain
of　the　molecule　（except　T－cadherins）　binds　with　actin
filaments，　a　ubiquitous　cytoskeleton　molecule　via
catenin　and　vinculin　molecules．　Loss　or　decrement　of
E一一cadherin　expression　loosens　the　cellular　unity，　as
frequently　found　in　cancer　invasion　and　metastasis．　ln
fact，　expression　of　E－cadherin　is　often　decreased　among
cancer　cells．
　　3．　Calcium　metabolism
　　a．　Absorption
　　Calcium　is　usually　taken　from　food　orally　and
absorbed　in　the　small　intestine．　Vitamin　D　is　an　impor－
tant　co－factor　in　the　intestinal　absorption　of　calcium，　as
it　increases　the　number　of　calcium　binding　proteins，
involved　in　calcium　absorption　through　the　apical
membrane　of　enterocytes　in　small　intestine．
　1）　Vitamin　D－dependent　calcium－binding　proteins
　　　 　　（Calbindin，　Calbindin－D）
　　The　n me　calbindin　designates　for　calcium　binding
prote ns．　Those　proteins　were　initially　described　as　the
vitamin　D－dependent　calcium　binding　proteins　in　the
intestine　and　kidney．　Hence　calbindin　is　composed　of
various　molecules3‘）．　The　name　calbindin－D　is　de－
scribed　in　some　articles，　a　suffix　一D　emphasizes　a　relation
with　vit min　D．　Vitamin　D－dependent　calcium　bind－
ing　prote ns　were　discovered　in　the　cytosolic　fractions　of
chicken　intestine．　and　later　in　mammalian　intestine　and
　　　　　　　　　　　　　　’
kidney，　by　researchers　including　Wasserman　in　196635）．
Calbindins　b nd　to　 alcium　with　extremely　high　aMnity．
Expres ion　of　calbindin　is　extremely　dependent　to　vita－
min　D　concentration　as　it　is　decreased　in　vitamin
D－deficient　anim ls　and　increased　by　treating　animals
with　vitamin　D derivatives．　The　vitamin　D　receptor
recognition　sequence　is　identified　as　upstream　of　calbin－
din　gene．　Two　different　sizes　with　molecular　weights　of
app ximately　9　kDa　and　28　kDa　were　found．　They
wer 　renamed　as　calbindin－Dgk　and　一D28K，　respectively．
Calbindin－Dgk　is　found　in　mammalian　intestine　and
calbindin－D28k　is　found　in　avian　intestine　and　in
mammalian　kidney．　They　do　not　share　immunological
cross－reactlvlty．
　　Calcium　ion　from　the　luminal　side　of　the　small
inte tine　（especia y　proximal　as　the　jejunum）　is　initially
incorporated by　b ding　with　membrane　calcium　chan－
nel　TRPV6　on　the　apical　brush　border　of　the　mam－
m lian　intestinal　epithelial　cells．　The　expression　of
TRPV6　is　facilitated　by　vitamin　D．　lncorporated　cal－
cium　is　transported　by　binding　with　calbindin－DgK．
S ce　calcium－binding　capacity　of　calbindin－DgK　is
extremely　large，　calbindin　transpoits　calcium　without
increasing　cytoplasmic　calcium　concentration．　Cyto－
plasmic　calcium　concentration　should　be　maintained
low　（approximately　O．1　micromolar）　to　avoid　noise　in
signal　transduction　and　to　facilitate　calcium　incorpora－
tion　from　the　intestine．　lt　is　true　that　calbindin　plays　a
role　to　avoid　i crement　of　cytoplasmic　calcium　concen－
tration，　though　its　principal　role　is　as　a　carrier　molecule
of　incorpor ted　calcium　ions　in　the　intestine．　Tran－
spoited　cytoplasmic　calcium　is　pumped　out　to　the　blood
（portal　vein　in　human）　via　plasma　membrane　calcium
ATPase　（PMCA）　1　at　the　basolateral　side　of　the　cell．
Calbindin　may　stimulate　PMCA　1．
　　Calbindin－D28k　（calbindin　1）　is　found　in　the　avian
intest ne，　ma malian　kidney　and　some　of　the　neuroen－
docri e　cells　as　in　the　cerebellum　and　possesses　a　similar
role．　There　is　no　homology　between　calbindin－D28k
and　calbindin－Dgk，　except　both　possess　calcium　binding
doma s　（called　EF－hands）．　Calbindin－Dgk　has　two
EF－hands　and　binds　two　calcium　ions，　and　calbindin－
D28k　has　six　but　binds　four　calcium　ions．
（9）
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　　2）　Calretinin　（calbindin　2）
　　Calbindin　2　molecule　is　29　kDa　EF－hand　family
calcium　binding　protein　and　also　called　as　calretinin36），
known　as　a　marker　of　mesothelial　cells．
　　b．　Reabsorption
　　Circulating　calcium　is　either　in　the　free，　ionized　form
or　bound　to　serum　proteins　such　as　albumin．　The
parathyroid　hormone　regulates　the　resorption　of　calcium
from　bone　and　elevates　blood　calcium　concentration．
A　counterpait　hoimone　calcitonin　（a　polypeptide　com－
posed　of　32　amino　acids　with　its　molecular　weight　3，500
kDa）　secreted　from　the　parafollicular　cells　ofthe　thyroid
gland　decreases　blood　calcium　concentration．　Stored
calcium　is　mostly　calcium　phosphate　and　panially　cal－
cium　sulphate　in　the　bones　and　cartilages　among　veite－
brates．　ln　plants，　calcium　oxalate　is　stored　in　plastids
（thus　causing　renal　stone　in　vegetarians）　and　calcium　can
construct　plant　tissue　structures　and　is　involved　in　signal
transduction　pathways　as　well　as　in　animal　cells37）．
　　c．　Bone　metabolism　and　calcium
　　Bones　are　the　major　calcium－storing　organs，　as　they
serve　as　important　storage　points　for　calcium，　containing
99％　（approximately　1　kg）　of　the　total　body　calcium．
Calcium　release　from　bone　is　regulated　by　parathyroid
hormone．　Calcitonin　stimulates　incorporation　of　cal－
cium　in　bone，　although　this　process　js　largely　indepen－
dent　of　calcitonin．　Primarily　calcium　is　regulated　by
the　actions　of　Vitamin　D，　parathyroid　hoiTmone　（PTH）
and　calcitonin．　The　only　real　regulatory　oi“gan　is　the
parathyroid　gland．　The　parathyroid　glands　are　located
behind　the　thyroid，　and　produce　parathyroid　hoimone
in　response　to　low　calcium　levels．
　　The　parafollicular　cells　of　the　thyroid　produce　cal－
citonin　in　response　to　high　calcium　levels，　but　its
significance　is　much　smaller　than　that　of　PTH．
　　There　are　some　bone－specific　calcium　binding　pro－
telns　：
　　1）　Osteocalcin
　　Osteocalcin　（bone　gamma－carboxyglutamic　acid　pro－
tein，　BGP）　is　a　protein　found　in　bone　and　dentin．　lt　is
secreted　by　osteoblasts　and　thought　to　play　a　role　in
mineralization　and　calcium　ion　homeostasis．　The
C－terminus　of　the　molecule　facilitates　chemotaxis　as　an
osteoclast38）．　lt　has　been　reported　that　osteocalcin　may
also　function　as　a　negative　regulator　of　bone　formation，
although　its　exact　role　is　unknown．　A　recent　study
shows　that　osteocalcin　acts　as　a　hormone　in　the　body，
causing　beta　cells　in　the　pancreas　to　facilitate　insulin
release，　and　simultaneously　directing　fat　cells　to　release
adiponectin，　the　hormone，　which　increases　sensitivity　to
insulin．
　　2）　Osteonectin
　　Osteonectin　is　a　glycoprotein　in　the　bone　that　binds
calcium．　lt　is　secreted　by　osteoblasts　during　bone　for一
mation，　initiating　mineralization　and　promoting　mineral
ciystal　fonnation39）．　Osteonectin　also　shows　aMnity　for
collagen　in　addition　to　bone　mineral　calcium．　Some
current　research　shows　a　correlation　between　osteonectin
over　expression　and　ampullaiy　cancers　and　chronic
pancreatltls．
　 3） Osteopontin
　O teopontin　is　a　glycoprotein　first　identified　in　1986　in
osteoblasts‘O）．　Osteopontin　is　an　extracellular　structural
protein　and　therefore　an　organic　component　of　bone．
Synonyms　for　this　protein　include　sialoprotein　1　and
44K　BPP　（bone　phosphoprotein）．　Osteopontin　is
biosynthesized　by　a　variety　of　tissue　types　including
preosteoblasts，　osteoblasts，　osteocytes，　extraosseous　cells
in　the　inner　ear，　brain，　kidney，　deciduum，　placenta，
odontoblasts，　some　bone　marrow　cells，　hypertrophic
chondrocytes，　 acrophages，　smooth　muscle，　and　endoth－
elial　cells．　Synthesis　of　osteopontin　is　stimulated　by
calcitrio 　（1，25－dihydroxy－vitamin　D3）．
　　4．　Body　function　and　calcium
　　As　mentioned　throughout　this　aiticle，　calcium
involves　in　 umerous　function，　though，　involvement　in
muscle　contraction　and　blood　coagulation　are　briefly
no elow　as　classically　known　representatives　of
alcium－related functions．
　　a．　Muscle　contraction
　　Contribution　to　muscle　contraction　might　be　the　first
recognized　biological　role　of　calcium．　Elevated　con－
centrat on　of　cy oplasmic　calcium　is　essential　for　initia－
tion　of　any　type　of　muscle　including　the　striated　and
smoo 　muscles．　A　common　intrinsic　calcium　store
among　muscles　is　sarcoplasmic　reticulum．　Released
calcium　binds　with　surrounding　calcium－binding　mole－
cules　as　troponin－C　in　striated　muscles　and　calmodulin
in　smooth　muscles　then　produce　muscle　contraction．
　　b． Blood　coagulation
　　Calcium　ion　is　essential　for　activation　of　blood　coagu－
lation　factors　IX　（Christmas　factor），　X　（Stuart－Prower
factor），　III　（Tissue　factor），　V　（proaccelerin）　and　XIII
（fibrin－stabilizing　factor）．　Calcium　is　required　for　coag－
ulation　factors　to　bind　to　phospholipid．　Moreover
calcium　ion　is a　member　of　the　blood　coagulation
factor；　formerly　known　as　factor　IV．　Calcium　medi－
ates　th 　binding　of　the　complexes　via　the　terminal
gamma－carb xy　residues　on　factor　Xa　and　factor　IXa　to
the　phospholipid　surfaces　expressed　by　platelets　as　well
as　procoagulant　microparticles　or　microvesicles　shedded
from　them．　Moreover，　calcium　is　extremely　involved　in
the　signa －transduction　of　platelet　that　supports　platelet
functions　 uch　as　release　of　various　factors　required　for
aggregatlon．
Conclusion
Calc um i s play　important　roles　in　cellular　response
（　10　）
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to　various　stimuli　by　transducting　intracellular　signals
with　numerous　calcium－relating　proteins．　Knowledge
of　those　signal　transduction　pathways　is　essential　to
better　understanding　of　living　cell　functions．
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情報伝達経路に関わるカルシウム関連蛋白
塚　本 折口
江別市立病院臨床病理科
　カルシウムは細胞機能に様々な役割を果たしている。骨形成、筋肉収縮、血液凝固のようによく知られた機能の他に、カ
ルシウムは神経細胞も含む殆ど全ての細胞において細胞内または細胞問の情報伝達に必須である。細胞内カルシウム濃度
の定量には蛍光色素が用いられる。カルシウムはカルビンディンと結合して小腸から吸収され、カルシウムチャンネルを
通って細胞内へ流入する。取り込まれたカルシウムは主に小胞体／筋小胞体に貯えられる。細胞膜上のホルモン受容体に
ホルモンが結合するような細胞への刺激は、ホスファチジルイノシトールー4，5一二燐酸を産生し、それはG蛋白質と共役し
たフォスフォリパ一幅Cで触媒されてジアシルグリセロール（DG）とイノシトールー1，4，5一三燐酸（IP3）に分解される。DGは
プロテインキナーゼCを活性化し、IP3は小胞体上の受容体に結合してカルシウムを放出する。細胞内カルシウム濃度の
上昇はカルモデュリンキナーゼを活性化する。カルシウムに関連する蛋白質は非常に多く、カルシウム依存性に活性化す
る蛋白分解酵素、燐酸化酵素、脱燐酸化酵素、小胞体・筋小胞体内カルシウム結合蛋白質、分子シャペロンなど多様であ
る。
〈キーワード〉　カルシウム、情報伝達、カルビンディン、カルモデュリン、小胞体
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